In the process of grasping objects by robot, the uncertainty of the object pose has greater impact on the stability of grasping. In this article, an adaptive grasping strategy is proposed to solve the problem of pose uncertainty in the grasping process. The strategy is based on the finger state function to switch control method, so as to realize the contact with the object by the fingers, and the application of grasp force to ensure the pre-grasp stability of the object; then, the object pose error is estimated through the contact between finger and object, and the pose error of the object is compensated according to the different error ranges to reduce the influence of the pose error on the grasp stability. Finally, the grasping experiments by humanoid robot are carried out to verify the performance of the adaptive grasping method proposed in this article.
Introduction
The grasp of unknown objects is the basic ability for robots to perform a variety of complex tasks instead of hand. When the object model and pose are accurately known, a set of points that meet the requirements of grasp can be obtained by grasp planning, and the fingers reach the grasp point and apply the grasp force according to the trajectory planning so as to complete the stable grasp of the object. However, the actual grasp is a dynamic process with a variety of uncertainties. In the uncertainty of the grasp, the pose error of the object is ubiquitous and has a great influence on the grasp, which may be resulted from the following aspects: (1) the location error of the sensor, including location sensor, tactile sensor, and visual sensor; (2) a slight collision between the robot and the object in the course of the implementation, resulting in a slight change in the location of the object; and (3) model reconstruction error of the object. These errors will make the actual grasp inconsistent with the grasp plan, resulting in the low quality of actual grasp or even the fail of grasp.
Due to the inherent error of the robot, the relative position of the object and the finger can only be approximately known, which makes it difficult for the fingertip to be in precise contact with the object at the position obtained by the analysis. In response to these questions, Nguyen 1 defined the concept of independent contact regions (ICRs). The method for calculating ICR was proposed by Roa and Suárez 2 and Krug et al. 3 . Zheng and Qian 4 analyzed the effects of friction uncertainty and the uncertainty of the contact position on the sealing force in the grasping object and modeled the two uncertainties through rigorous mathematical description. Weisz and Allen 5 put forward better evaluation indicator PðfcÞ to evaluate grasp uncertainty for grasp stability. Kim et al. 6, 7 studied how to evaluate the stability of the object grasp with pose uncertainty by the grasp quality and proposed a quality evaluation indicator for the consideration of the contact dynamics and pose uncertainty.
Some methods are used to estimate the uncertainty directly for errors in the position of object. Chalon et al. 8 proposed an online method for estimating the pose of object based on the particle filter to accurately estimate the pose of the object to be grasped, for the change of pose after grasp. Zhang and Trinkle 9 also used the particle filter to simultaneously estimate the physical parameters of the object and to track the object when it is pushed. There are other ways to reduce the impact of uncertainty from the perspective of control strategies. Dragiev et al. 10 proposed a control law for the grasp and exploration of unknown objects to select the grasp area of the model. Su et al. 11 proposed a grasp strategy based on the softness of underactuated hand for the object position error, by which the stable grasp can be completed through the optimization of the grasp trajectory planning and sensor-based adjustment. Chen et al. 12 proposed an adaptive compliant grasp strategy to improve the impact of position uncertainty on self-grasp. There are also some studies based on learning and heuristic methods. Hsiao et al. 13 proposed a heuristic grasp selection method based on the local features of unknown objects. In addition, a decision-theoretical method is also proposed to reduce the impact of the object attitude error on the grasp for the known shape of the object and the high premise mobility of the robot.
14, 15 Stulp et al. 16 proposed a grasp optimization method for uncertainty state estimation. Kehoe et al. 17 studied the object position error and proposed a grasp algorithm that applies cloud computing structure based on the parallel gripper grasp. Guo et al. proposed an end-to-end deep vision network model to predict possible good grasps from real-world images in real time. 18, 19 In order to enable the robot to perform tasks in the human environment, the grasp of uncertainty is one of the urgent problems to be solved. The current research on grasp uncertainty has been taken from the aspects of grasp control method, grasp quality assessment, pose error estimation, and grasp task space to increase the stability. The approach used includes both the improvement to traditional grasp methods and the decision-making and learning-based approaches. Each of the abovementioned research methods has limitation. The impact of uncertainty on the grasp has not yet been eliminated, so it is still worthy of study in dexterous grasp.
In this article, a multi-controller-based method to stably grasp a known object is proposed. The main challenge of the grasp comes from the pose uncertainty of object. To this end, the whole grasping procedure is divided into three stages, namely approaching, pre-grasp, and grasping. The contacts between multi-fingertips and object are established in pre-grasp, and the pose error is estimated using the tactile feedback and forward kinematics of robot hand. Finally, Q-distance is used as the criterion of grasp stability to improve the grasp performance considering the compensation of pose error.
The main contribution of this article is as follows. A new adaptive grasp strategy is proposed for the failure of the grasp by robot caused by the pose error. Based on the force coordination strategy, the stable grasp is realized in the presence of the pose uncertainty through the estimation and compensation of the pose error by tactile information.
Background

Hand controller
Two types of controllers are used in the grasping: impedence controller and force controller.
Impedance controller. Based on the detected force information, the adjustment values of position, velocity, and acceleration are obtained by position-based impedance control and according to the calculation using the expected impedance relation, and then, the adjusted target position is tracked and controlled by the position loop to realize the flexibility of the contact space and, meanwhile, ensure the accuracy of the free space position. The control law is shown as follows
whereM is the estimation value of the inertia matrix,Ĉ is the estimation value of Coriolis force and centrifugal force, g is the estimation value of gravity term,t f is the estimation value of joint friction torque, t ext is joint disturbance torque, and K D and K p are expected damping matrix and stiffness matrix, respectively.
Force controller. The size of the external force of the finger F ext and the target impedance relationship directly affect the position compensation amount X f and ultimately affect the final position of the finger. The controller is suitable for finger free-space movement and the application of the grasp phase but not suitable for the control on contact stage between the finger and the object. In order to realize the contact between fingers and objects with a small force, the force control is switched after the contact, and the contact with the object by a small force is realized by setting smaller expected force.
F d is the expected fingertip force, and the fingertip force error is
K f p and K f I are the control parameters of force error and its integral term, respectively, and then, the control law of force controller in Cartesian space of the finger is
Grasp planner based on finite-state machine
We use state-action space defined in the semantic level to describe the switch strategy of grasp planner. In action space:
A1: Finger controller switches to impedance control, finger continues to move as preplanning; A2: Finger controller switches to impedance control, finger continues to move as replanning; A3: Finger controller switches to force control, stopping the movement and maintaining the current contact force; and A4: Finger controller switches to force control, finger applies the grasp force.
In state space:
where X i r and X i are the target position and real position, respectively, and F i r is the target force of the contact between the finger and the object. According to the fingertip position X and the external force F ext in the movement of finger, the state of the finger is determined and the grasping action is determined according to the finger state function.
For the ith finger, the state function of finger is defined as S i g . The whole object adaptive grasp strategy process can be formalized as an finite state machine (FSM). The action of finger switched from A1 to A4 when the value of S i g is switched from S1 to S5. The detail of state transition is described in the next section.
Grasp quality metric
Grasp stability should be firstly considered in the grasping process. In order to measure the disturbance resistance ability of a grasp, some grasp quality measures are proposed. Q-distance metric 20 is chosen to measure the stability of grasp, and it is defined as follows
The geometric description of this metric is consistent with the previous defined grasp quality measures, 21 but it can measure the grasp with or without force closure (FC). A grasp is FC if and only if d Q À < 0, and smaller value of Q À distance indicates the better capability of the grasp in resisting unknown external disturbances. When the grasp is not FC, the value of Q þ distance indicates that how far that the grasp achieves the FC condition. The distance of both Q þ and Q À can be solved by finding the minimum of constrained linear multivariable function.
Adaptive grasp strategy for object pose uncertainty
The process of grasping objects is dynamic, which can be divided into three stages in this article: approach, contact, and grasp. When the dexterous hand reaches the designated position through the robot arm, the fingers of dexterous hand firstly move to the target point, and then, the finger comes into contact with the target point and exerts contact force to complete the grasp. When the object has a pose error, it may cause the following problems: (1) the fingers may contact with the object one after another in the process of grasp, which cannot be resolved by speed planning. As the grasp is not closed at this time, the finger contacting the object is equivalent to applying an interference torque to the object, resulting in an unstable state of the object during contact; (2) the finger does not come into contact with the object at the target point of position, but it is in contact with the neighborhood of the desired point or even fails in reaching the object, which may cause the low quality of grasp or even failure. The adaptive grasp strategy in this section will focus on these two aspects.
A multi-finger cooperative control for adaptive grasp
In this section, a multi-finger cooperative control strategy is designed for grasp objects. The strategy is based on finger impedance control and force control, by which the fingers contact with the object one after another through the coordination of each finger movement in the grasp process; meanwhile, the grasp force is exerted to avoid the instability in the process of grasp. In order to distinguish from the grasp process of object, the stage of maintaining a small contact force in the contact between the finger and the object without grasp force applied is called pre-grasp. During the grasp process, the state of the finger relative to the object is switched from approaching, contacting, and applying the grasping force, respectively. Different control methods are switched by judging the different states of the fingers during the grasp process to ensure the stability of the pre-grasp process.
When S i g ¼ S1, the finger is approaching to the object but not contacting the object, then action 1 (A1) is taken; when S i g ¼ S2, it means the finger reaching the target position but does not contact with object, which indicates the fail of contact due to the pose error, then action 2 (A2) is taken; and at this moment, X i > X i r ; then, the finger goes on to the new movement trajectory, and when the contact happens, S i g ¼ S4, and then, action 3 (A3) is taken; when S i g ¼ S3, it means the finger contacts with the object in advance before reaching the target position due to the pose error, and then action 3 (A3) is taken; when S i g ¼ S5, the finger reaches the target position and contacts with the object, and then action 3 (A3) is taken.
The position-based impedance control in the Cartesian space is used when the finger begins to move. When S i g of the finger is equal to S1 or S2, it indicates that the finger is not in contact with the object at this time, and the finger still uses the impedance control movement; when S i g is equal to S3, S4, or S5, the finger has been in contact with the object, and the finger switches to force control, stopping the movement and maintaining the current contact force. In order to avoid the pose change of the object and to maintain contact with the object after the contact, F i r should be set small enough. When all the finger states in plan that need contact have become S3, S4, or S5, it indicates that all the fingers of the dexterous hands have been in contact with the object, and the current position of each finger is recorded. The controllers of all fingers are then switched back to the impedance control and a further distance is taken in the direction of the force as a target position to ensure sufficient grasp force and eventually complete the grasp, which means action 4 (A4) is taken. Therefore, when all the fingers and objects have a slight contact, the fingers begin to apply the grasp force at the same time to complete the grasp, to avoid the unstable phenomenon in pregrasp process.
Design of finger controller
The controller of the finger is the basis for implementing the multi-finger coordination strategy proposed in the previous section. In addition to ensuring the accuracy of the position, it is necessary to ensure a certain degree of flexibility, in order to avoid damage to objects and fingers; it shall keep as little contact force as possible to avoid pushing the object in the contact stage. So in the stage of grasping object, the position-based impedance control is applied to complete the grasp; and in contact stage between the finger and the object, the finger force control is applied to achieve precise control of the contact force. Figure 1 shows the structure diagram of the controller used in the finger. The controller includes impedance control and force control, and the switching condition of the controller is determined by the state function vector of the finger S g . The controller combines the advantages of impedance control and force control, which is suitable for the implementation of multi-force coordination grasp strategy.
Estimation of pose error of objects based on pre-grasp tactile information
Even if the multi-force coordination strategy is used to ensure the stability of the pre-grasp process, the final grasp point will change and the quality of grasp may be affected due to the presence of the object position error. Therefore, in this section, how to estimate the pose error of the object by the information obtained in the pre-grasp process is mainly discussed.
In the pre-grasp process, the actual contact point between the finger and the object can be obtained by the arm-hand kinematics based on the tactile information. Using the object model, the expected contact point, and the actual contact point information, the pose error of the object can be calculated by geometric calculation. The pose error discussed in this article is limited to the extent that the pose error does not cause the hand to collide with the object or move away from the hand when approaching the object.
Several common objects, such as spheres, cuboids, cylinders, and vertebral, are taken for analysis. For the objects placed on a plane, the pose error in grasp includes the position error and attitude error on the plane. The definition of the object coordinate system is used in this chapter. Therefore, for the rotating body (such as sphere, cylinder, and cone), the error includes only the position error of the object in the plane ðDx; DyÞ; for the nonrotating body (cuboids and triple prisms), the angular error ðDqÞ around the z-axis is also included in addition to the position error. The pose error estimations of the rotor and the nonrotating body are discussed by taking the sphere and the rectangular object as examples. Figure 2 shows a grasp scenario, and the related coordinate frames and pose error are defined. The object with the height h is placed at the origin of the coordinate system, the center of mass is O ¼ ð0; 0; z mc Þ, and the desired fingertip contact point is E i ¼ ðx ri ; y ri ; z ri Þ. When the object has pose error, its center of mass changes to O 0 ¼ ðDx; Dy; z mc Þ, the actual coordinates of contact point F i ¼ ðx i ; y i ; z i Þ. The distance between the coordinates of the center of mass of the object and the center of mass of the actual position is defined as pose error. Figure 3 shows the projection of the object and the contact point in the plane x À y, where the circle represents the target contact point, and the oval represents the actual contact point.
For a sphere, let the radius of the sphere be R, then, the distance from the axis of symmetry of the object to the contact point can be expressed as follows
When the number of contact points i ! 3, the object position errors Dx and Dy can be obtained from equations (5) and (6) as follows
Similarly, the positional deviation of the rotors such as cylinders and frustums can be solved in this kind of manner.
For the box, it may also include posture deviation in addition to the position deviation. As the object is placed on the plane, only the attitude deviation ðDqÞ around the z-axis is considered. Attitude deviation is usually more difficult to compensate with fingers. So two adjustments are adopted, as shown in Figure 4 . First, the attitude deviation angle ðDqÞ is estimated, and the attitude deviation is compensated by the motion of the manipulator; after adjustment, the new position is obtained and the position deviation is estimated by the following
The position deviation is then estimated again by pregrasp, and the final grasp is finished using the adjustment method for the second position compensation.
where error exists, the fingers may not be in contact with the object or with the unplanned location. In the previous grasp planning, we have obtained the optimal grasp points, so the pose error will lead to a decline in the quality of the grasp. Therefore, the next section will continue to explore how to use the robot arm or finger to compensate for the deviation to ensure the stability of the grasp.
Adaptive grasp strategy based on pose error compensation
After the error of the object position is obtained, the error can be compensated by finger or hand. In addition, how to compensate for the error needs the analysis on the impact of different error ranges and different compensation methods on the stability of the grasp.
Analysis on the effect of pose error compensation on grasp stability. In order to evaluate the performance of multifingered grasp of objects, the researchers proposed a variety of indicators for different task requirements to assess the grasp, and these indicators are usually called grasp quality. In many indicators for the evaluation of the stability, Q-distance is selected as the evaluation indictor of grasp stability in this article. 20 When pose error exists, the failure of contact between the finger and the object may happen from the start to the desired location for some of the fingers. In order to ensure that the fingers are in full contact with the object, the finger is planned to move in a straight line along the direction of the desired contact force until it comes into contact with the object.
As shown in Figure 5 , the spheroid with F ¼ 72 mm is taken, for example, in which the dexterous hand is driven by the robot arm along the z-axis of the object coordinate system to approach, and there are four fingers in contact with the object. The initial positions of the fingers are ini p ¼ fI 1 ; I 2 ; I 3 ; I 4 g, which are optimized by the previous researching method 22 to obtain the expected positions exp p ¼ fE 1 ; E 2 ; E 3 ; E 4 g, and the calculated grasp quality is d Q ¼ À0:38. The smaller dots in the figure represent the feasible contact areas where the fingers are subjected to kinematic constraints; while in the larger points, the circles, squares, and triangles represent the initial position, the expected position, and the actual contact position, respectively; blue, red, green, and black are on behalf of thumb, index finger, middle finger, and ring finger, respectively; and arrow is the direction of contact force. The initial position of the object is Oð0; 0; 0Þ, the dashed line indicates the object projection of expected position, and the actual position of the object is O 0 ð12:5; À12:5; 0Þ. The error is converted to the finger coordinate system and compensated by the finger, in which gray dotted line ¼S2, so they continue to move along the original direction. For the thumb, if it continues to move along the original direction, it will be out of the workspace of the thumb due to the limitations of the workspace of the fingers, so we select the nearest point F 1 from the line I 1 E 1 in the workspace as the final contact point for the contact with the object. In this way, the actual contact point for the finger is final p ¼ fF 1 ; F 2 ; F 3 ; F 4 g. It can be seen that the thumb is limited by the workspace and far away from the expected point, which also leads to the final calculation value d Q ¼ À0:163, so the grasp quality declines a lot compared with the expected one.
In order to evaluate the impact of the two plans on the grasp quality more generally, the origin is taken as the starting point, d x ¼ 5 mm and d y ¼ 5 mm are the step lengths to change the position error of the sphere, and two different plans are used to plan the trajectory after expected points in each actual position. In addition, the grasp quality at each position of the object is calculated from the actual contact point obtained. Figure 6 shows the grasp quality distribution in which the error is not compensated when there is a position error in the sphere. The position of the object in the plane x À y is represented by a number of identical squares, and the area of each box is 5 Â 5 mm 2 , where the brown-black box area is defined as reg grasp, indicating the dexterous hand can grasp the object within the scope, the color from deep to shallow means the value d Q from small to large in this position; and white square area is recorded as reg out, which indicates the flexible workspace of the object out of the finger or the interfering area of the initial grasp position of the finger with the object, in which the object cannot be grasped. In reg grasp, all the regions that d Q < 0 are recorded as reg fc, and the blue dashed line indicates the convex hull of the area reg fc & reg grasp. In order to better compare the grasp quality distributions obtained by the two planning methods, the average grasp quality indictor avg d Q is defined to represent the average grasp quality when the object position error changes
where count indicates the number of the square units that reg fc included. Figure 7 shows the grasp quality distribution when the finger compensation error is used. When the grasp is completed by the finger compensation method, the finger may be moved beyond the feasible contact area by compensating the motion plan, and the nearest point in the area from the new planning point is selected as the expected contact point. In Figure 7 , there are 67 square regions that meet the requirement of close force grasp, and the average grasp quality indicator is d Q ¼ À0:236; compared with Figure  6 , the grasp tolerance range is significantly improved (increased by 39.6%), but the average grasp quality has a certain decline (decreased by 4.8%).
According to the grasp quality distribution shown in Figure 7 , when the error is in the smaller range, the quality of grasp is significantly improved compared with that in Figure 6 ; but when the error is large, the finger cannot completely compensate the position error due to kinematics and operability, which is the reason for the slight decrease in the average grasp quality, which is also the main problem of error compensation by finger. Therefore, when the error is beyond the adjustable range of finger greatly, the compensation error by finger does not mean the improvement of grasping stability. At this time, the complete compensation through the robot arm will ensure the contact of the fingers consistent with planning point. For nonrotating bodies (such as cuboids and triangular prisms), the situation is more complex, of which the position uncertainty includes the position error and plane rotation angle error Dq. Taking the rectangular box with the size of a ¼ 40 mm, b ¼ 60 mm, and h ¼ 200 mm, for example, the initial position of the object is coordinate system origin, with the initial angle q ¼ 10
. As shown in Figure 8 , there are five fingers in contact with the object, and the resulting grasp quality is d Q ¼ À0:37.
The actual pose error of the object is set as Dx ¼ 7:5 mm, Dy ¼ 12:5 mm, and Dq ¼ À20
. Figure 8 shows the replanning grasp expectation points after the compensation for the position error only by the finger. The fingers are not beyond the workspace, and the actual point of contact final p ¼ fF 1 ; F 2 ; F 3 ; F 4 ; F 5 g, after calculating the grasp quality, d Q ¼ À0:2086. Compared with the expected contact point, the grasp quality declines to some extent, but the grasp still meets the force close. At this moment, the decrease in grasp quality is mainly caused by the angle error, and it can be seen that the angle error has a great influence on the grasp quality under the current position error.
In order to evaluate the effect of the cuboid pose error on grasp more comprehensively, the angle of the object is changed with the step d q ¼ 5 , and after each time, the position of the object is changed at the same time with d x ¼ 5 mm and d y ¼ 5 mm as step. Considering the actual grasp situation, the angle error is limited in ½À30
; 30 . As shown in Figure 9 , the quality of the cuboid is influenced by the three factors d x , d y , and d q , so the quality distribution can be expressed by cube. The deeper color means the better grasp quality, and the transparent cuboid is expressed as d Q ¼ 0, namely it does not leave the workspace of the finger, without meeting the force closure grasp. As the angle error increases, the number of cubes decreases, the number of transparent cubes increases, and the cube color becomes lighter.
In order to more intuitively compare the influence of the angle error on the grasp quality, the number of the squares count and the corresponding values of d Q shown in Figure  10 are determined when the object position changes in the plane under different d q values. It can be seen that the tangle error of the object has a great influence on the area and the average grasp quality of the force closure grasp. As the angle error increases, the value of count under the angle error gradually becomes smaller, d Q gradually increases, and, namely, the average grasp quality declines.
Therefore, for nonrotating bodies, the posture error has a great influence on the grasp stability, and it is necessary to . Figure 9 . Grasp quality distribution when grasping cuboid with pose error. compensate for the posture error. As it is difficult to compensate the angular error through the three-degree-offreedom (3-DOF) fingers, the application of the robot arm with more freedom is more reasonable. The following conclusions can be drawn from the abovementioned simulation analysis for different shapes and sizes of objects: (1) In the grasp, the position error has a great influence on the rotating body, and the angle error has a great influence on the nonrotating body. The effect of the position error on the nonrotating body is smaller than that of the rotating body. (2) The direction of principal axis in reg grasp is vertical to the pinching direction of the dexterous hand thumb and the rest of the fingers. (3) In a small error range, the grasp quality has no significant change; when the pose error of the object is small, the use of force collaboration grasp strategy without compensation for the error does not affect the grasp stability.
Compensation strategy for pose error. This article adopts the hierarchical error compensation strategy. After estimating the current pose error of the object by the pre-grasp, the expected position of the finger is adjusted according to the pose error, and the grasp is repeated with the dexterity compensation error of the finger. As the adjustment of the finger is limited, when the error of the object is small, the adjustment of the finger can still compensate for the error and complete the grasp; when the object model or pose error is large, with the kinematics and operability constraints, finger adjustment will not be able to fully compensate for the error. In addition, the dexterous hand fingers have less freedom, so the angle error cannot be adjusted by finger. At this time, the use of the robot arm with more DOFs in the adjustment of the initial grasp location and posture becomes a better solution. First, the position error function of the object is defined as follows
According to the analysis on the grasp quality distribution, the error can be divided into the following three intervals: ½0; c t , in which c
t means the object is out of the workspace of at least one finger, which is not included in this article. Based on the previous analysis of the grasp quality, the exact range of the error interval can be determined.
The adaptive error compensation strategy for the grasp of object by dexterous hand is shown in Figure 11 . The model and pose of the object are known, and the expected contact point is obtained by the grasp planning. When the robotic arm sends the dexterous hand to the specified position, the finger starts to grasp. The entire grasp process is based on the force collaboration grasp strategy. The finger moves to the target position until it comes into contact with the object and maintains a small contact force. When all the expected fingers come into contact with the object, the finger touch and position sensor values are recorded, getting the actual contact point. According to the object model and the expected contact point, the object pose error is calculated.
For rotating bodies and nonrotating bodies without posture deviation, the position error types are classified. When 0 Dp c 1 t , the finger is directly switched to the impedance control for grasp; when c 1 t < Dp < c 2 t , only the expected position of the finger is replanned and the finger is adjusted to complete the grasp; when c 2 t Dp c 3 t , the error needs to be firstly compensated by the movement of the robot arm and then the grasp is conducted according to the previous expected position. For nonrotating bodies, we should determine whether there is posture error first. If the posture error is not zero, the robot arm posture should be adjusted so as to make it rotate with the corresponding axis of the object coordinate system with certain angle degree to compensate for the posture error and then regrasp. The error includes only position error, so it can be compensated according to the error compensation method of the rotating body.
The difference between compensating the error by the robot arm and the finger is that the finger compensation error only needs to be replanned; while the robot arm movement needs to be programmed first and then replan the grasp after the movement, which increases the moving time. The adoption of the robot arm for error compensation needs the comprehensive consideration for task requirements for grasp time and stability. According to the abovementioned adaptive grasp strategies, even if the object has pose error, it can be compensated and the final grasp can be completed as long as the object is still in the dexterous workspace.
Adaptive grasp experiment
The five-fingered robot hand DLR/HIT Hand II is multisensory and highly integrated, and each finger has 3 DOFs and four joints. 23 The tactile sensor is made of pressure conductive rubber and mounted on the curved 3-D convex surface of fingertip. In the grasping experiment, the DLR/HIT Hand II is mounted on the wrist of 7-DOF robot arm, as shown in Figure 12 . A set of object prototypes and daily objects are used in the experiment. Figure 13 shows the database of the objects in grasp experiment. All the objects belong to five standard shapes, and there are six objects of different dimensions for each shape.
In order to verify the validity of the adaptive grasp method proposed in this chapter, a total of 15 objects of four types were selected for the existence of pose error. According to the analysis on the impact of posture error on the stability, c , it needs adjustment. The step of compensating the movement of the finger is set as 5 mm. For different pose errors, the force collaboration strategy and the adaptive grasp strategy are used to grasp the object and compare the grasp effect.
The coordinate paper is pasted on the experimental platform, and the object is placed at the origin of the coordinate system of the coordinate paper, by which the actual pose error of the object can be accurately recorded, in order to facilitate the comparison in the experiment with the estimated pose error by dexterous hand finger. In the experiment, the object is first placed at the origin of the object coordinate system, and the object is pushed according to the scale of the standard paper to create the expected pose error. When Dx ¼ 15 mm and Dy ¼ À10 mm, the force is only used in conjunction with the grasp strategy without error compensation, and as shown in Figure 14 , the thumb contacts with the object first, the index finger and middle finger continue the movement to contact with the object after reaching the expected position (Figure 14(d) and (e) ). Although the method can ensure that three fingers are in contact with the object (Figure 14(f) ), the force-closure grasp is not formed due to large position error, so the final grasp fails (Figure 14(g) ). Because of the simultaneous contact strategy, the whole process of grasping objects is stable.
When the adaptive grasp method is used, the error is compensated by finger movement as Dp ¼ 18 and c Figure 15 shows the grasp process, and Figure 16 shows the changes in the position, force, and state functions of each finger in grasp. The thumb and middle finger's first contact with the object is at 1.2 s, but at this time, the two fingers do not reach the expected position (S 1 g ¼S 3 g ¼ S3), and the finger controller switches to force control to maintain contact (Figure 15(e) ); the index finger moves to the expected position without touching the object (S 2 g ¼ S2), so it continues to do compensation movement, which contacts with the object after two times compensation movement at 2.8 s, when S 2 g ¼ S4 ( Figure 15(f) ). The tactile reading is obtained at this time, and the estimated error of the available object can be calculated Dx ¼ 12:1 mm and Dŷ ¼ À7:8 mm. The error is converted to the amount of compensation for each finger through the coordinate Figure 12 . DLR/HIT Hand II and 7-DOF robot arm. DOF: degree of freedom. Figure 13 . Database of the objects in grasp experiment.
transformation; at this time, the finger switches to impedance control and returns to the initial position ( Figure  15 (g)), beginning to grasp again at 10 s. Due to the deviation between the estimated error and the actual error, the thumb and middle finger move to the expected position when contact with the object (S
; the index finger contacts with the object at 12.3 s through a compensation, S 2 g ¼ S4, (Figure 15(h) and (i) ); when the three fingers are in contact with the object, the finger controller switches to impedance control, successfully completing the grasp (Figure 15(j) ).
When the error range is further expanded, and limited by finger kinematics and finger maneuverability requirements, the adjustment of the finger cannot completely compensate for the position error of the object. For example, when the object error reaches Dx ¼ 25 mm and Dy ¼ À10 mm, Dp ¼ 27 and c 2 t < Dp < c 3 t ; the grasp fails even if the error is compensated by the finger.
According to the error range of object, this error should be compensated by the movement of the robot arm. Figure  17 shows the grasp process by the use of error compensation method. As the object error is too large, the index finger contacts with the object through the four compensation movements after reaching the expected position (Figure 17(d) and (e)); when all the expected fingers contact with objects, object position deviation can be obtained according to the calculations of fingertips and joint angle readings Dp ¼ 27 and c 2 t < Dp < c 3 t . Then, the fingers return to the initial position, according to the object position error, the robot arm moves Dx and Dŷ (Figure 17 (f) and (g)) relative to the object coordinate system; the dexterous hand regrasp after the adjustment of the robot arm, with the expected position unchanged; however, the deviation between the calculated values and the actual ones causes a certain error of the object relative to the finger, so the middle finger reaches the expected position and then performs a compensation movement before it comes into contact with the object (Figure 17 (h) and (i)); as this error is less than c 1 t , the use of only collaboration force grasp method can guarantee the stability. Finally, the hand successfully completes the grasp (Figure 17(j) ).
For the long cylinder with h ¼ 200 mm and F ¼ 40 mm, when the position error direction is the same as the one that the hand approaching vector, the impact on the grasp stability is large, so a small error compensation range is set for the object separately, and c Figure 18 shows the progress of grasping cylinder by dexterous hand, the position errors are Dx ¼ À12 mm, Dy ¼ À10 mm, and c 2 t < Dp < c 3 t . Dexterous hand approaching vector is parallel with desktop. When the impedance control is used for grasp, the object is displaced in the direction of the arrow, in an unstable state (Figure 18(d) ) during the grasping process, and the object is disengaged from grasp range of the finger, resulting in a failure (Figure 18(e) ).
With the adaptive grasp method, the grasp process is shown in Figure 19 . The thumb and the index finger contact the object and maintain contact (Figure 19(c) ), followed by the middle finger and ring finger (Figure 19(d) ). The estimated position error value of the object can be calculated by the tactile sensor Dx ¼ À13:5 mm and Dŷ ¼ À11:2 mm. Then, the finger returns to the initial position, and the robot arm is compensated by the errors Dx and Dŷ (Figure 19 (e) and (f)) and grasps. After the robotic adjustment is completed, the regrasp by dexterous hand consistent with the expected position and the final grasp is successful (Figure 19(g) and (h) ).
Finally, the building block in the experiment is taken as an example to explain the adjusting process for the posture error of the object. The building blocks are nonrotating, with the length, width, and height measuring 31, 62, and 100 mm, respectively, which are characterized by lightweight and small friction with the desktop. In the object coordinate system, the object is rotated by 30 relative to the object coordinate system and moves 5 mm and 5 mm along the x-axis and the y-axis, respectively. Figure 20 shows the grasp process of the finger directly using impedance control. When the finger starts to grasp, it can be seen that the middle finger slips out of the edge of the object after the contact, only two fingers contact with the object (Figure 20(c) ), and the pose of the object is changed after the completion of grasp, which has been in unstable state actually ( Figure  20(d) ), so the object is dropped during the lift of arm, and the grasp fails (Figure 20(e) ). It can be seen that the posture deviation has a great influence on the stability of the nonrotating body. Figure 21 shows the process of grasping the blocks when the adaptive grasp method is used. Figure 22 shows the fingertip position, fingertip force, and state function in each finger coordinate system during the grasping process. At and the use of adaptive method makes the success rate maintained more than 90%. The validity of the adaptive grasp method with force collaboration grasp and error compensation is verified by the abovementioned experiment.
Conclusions
In this article, an adaptive grasp strategy based on collaboration control and error estimation compensation is proposed for the influence of object pose uncertainty on grasp, by which the impedance control and force control are switched among different states of the finger to realize the process of the fingers contacting with the object one after another and, meanwhile, with the application of grasp force to ensure the stability of the object during the pre-grasp process. In the error compensation method, the pose error of the object is estimated and analyzed by finger tactile information in pre-grasp. Different methods are used to compensate for the pose error of the object according to different error ranges to reduce the impact of pose error of the object. The results show that the success rate of the object can be improved using the adaptive grasp method in the case of the uncertainty of the object pose.
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